Abstract --In this work, we report on developing 1D reaction-diffusion solver to understand the kinetics of p-type doping formation in CdTe absorbers and to shine some light on underlying causes of metastabilities observed in CdTe PV devices. Evolution of intrinsic and Cu-related defects in CdTe solar cell has been studied in time-space domain self-consistently with free carrier transport and Poisson equation. Resulting device performance was simulated as a function of Cu diffusion anneal time showing pronounced effect the evolution of associated acceptor and donor states can cause on device characteristics. Although 1D simulation has intrinsic limitations when applied to poly-crystalline films, the results suggest strong potential of the approach in better understanding of the performance and metastabilities of CdTe photovoltaic device.
I. INTRODUCTION
It is well known that Cu plays an important role in CdTe solar cell by forming back contact and dopants. Small amount of Cu partially diffused into the CdTe absorber layer results in increased hole density, and improved open circuit voltage (V oc ) [1] . Also, long term Cu migration in CdTe solar cells is related to the device degradation [2] . Excess Cu creates recombination centers that significantly reduce the fill factor (FF) and V oc [3] . In the process level, high accumulation of the Cu near the back contact can be explained by the Cd vacancies generated in the etching process and can be seen as the Cu 2 Te contact layer [4, 5] . Cu also diffuses into the CdTe layer and serves as both donors (Cu i ), acceptors (Cu Cd ) [6, 7] and neutral defects (Cu Cd or Cu Cd -Cu i complex) [8, 9] . This present work provides a diffusion-reaction model for Cu migration in CdTe solar cells that can be used to understand and potentially optimize Cu incorporation processes. This model will also be used to understand dark/light crossover and distortions in apparent quantum efficiency [1] , related to defects in CdTe devices.
II. REACTION DIFFUSION MODEL
The general reaction-diffusion model had been developed long ago for impurities in silicon based devices [10] . This model calculates the diffusion, drift and reactions of different kinds of defects, gives time-dependent solutions of defect profile in semiconductor devices. Let us consider one of the major Cu defect reaction in CdTe, reaction B in Fig. 1 , free Copper interstitials knock Cadmium out of its site and occupy the Cd site and Cd become free moving Cd interstitials:
Cu Cd Cu Cd (1) To build a general model describing this reaction, we first determine the reaction rates in the following form:
In Eq. (2) could be treated in the same way as bi-molecular reactions [10] , e.g.
where a X represent capture radii of reactants, Ω is the volume of unit cell, D X is the diffusion constant of the defect and ∆E x,y represent the energy barriers for the defects to collide with each other. Time-space evolution of point defects involved the major reaction in Eq.
(1) could be described by the following set of reaction-diffusion equations [10] :
Note that in Eq. (4), diffusion of Cu Cd has been ignored due to very small diffusion coefficients. The fluxes J X in (4) result both from the diffusion due to concentration gradients and from the drift due to electrostatic field:
Assuming Boltzmann statistics (valid for diluted concentrations) and the charge θ carried by the defect, its drift velocity υ in electric field F could be found as µ X F, where mobility µ X could be expressed with diffusion coefficient using Einstein relation (for non-degenerate statistics):
Electric field F in the film is not only determined by the electron/hole concentrations, but also by the ionized defect distributions inside the grain and its boundaries (surfaces), and could be found by solving the Poisson equation:
In Eq. (7), V is the electrostatic potential, p stands for the hole concentration, n is the electron concentration, ε s is the spatially varying dielectric constant of the film, and the doping concentration is calculated as:
where the ionized defects concentration is determined by their formation energies [11] (shown in Fig. 2. ) and total Cu concentration [12] :
Note that g is the degeneracy factor and the denominator f d gives the total allowed states for Cu:
The equilibrium concentration employed for reaction rate calculation in Eq. (2) is the sum of the concentrations of different charge states:
The V Cd in Eq. (8) is the concentration of vacancies at Cd site. Its reactions with other species had to be included in the simulation for a realistic picture of copper defects in CdTe solar cells, as in Eq. (12):
The concentration of ionized vacancies and their reaction rates can be calculated similarly to Eqs. (2) and (3), and results in the following reaction-diffusion equation system in our simulator: (13) Similarly to the reaction-diffusion equations, drift-diffusion equations for free carriers are solved self-consistently with Poisson equation, giving accurate (quasi) Fermi levels in the device under variety of stress conditions for each time step of the defect migration.
In Eq. (14), n, p stands for electrons and holes, U is the net generation-recombination rate and J is the carrier flux. During the device simulation process, ionizations of the defects are updated based on new formation energies obtained from new quasi Fermi level with each iteration in the Gummel cycle, as described in Eq. (9).
It is important to note that the approach designed and implemented enables us device-level simulations, such as J-V curve, C-V curve and spectral response test, based on profiles of point defects/complexes generalized by diffusion-reaction solver. Although SIMS profiles of different atoms can be achieved, it is still extremely difficult to tell Cu i /Cu Cd from total Cu with equilibrium or steady state assumption, which most likely is not true in the reality as the operation environment of the solar cells changes continuously. Device performance is the only approach we could do to verify the accuracy of this defect simulation.
III. SIMULATION RESULTS
The initial Cu i concentration was set to be its solubility limit (10 15 to 10 17 cm -3 in CdTe) [13] at the back contact (left) and 1cm -3 elsewhere. No flux boundary condition was applied to vacancies and substitutional defects. Small surface recombination was applied to the interstitials. Charge ε/ε 0 9.0 10.3 Fig. 3 . The general configuration of the simulation. The device simulation block is required to achieve convergence for each time step of the defect evolution. neutrality was assumed at both boundaries for the device simulation block. The experimental Cu profile in Fig. 4 shows two exponential decay regions. The fast decay near contact (x<0.2um) is caused by the accumulation of Cu Cd due to its small formation energy in Te-rich (V Cd -rich) p-type CdTe, which can be seen as the forming of low resistance Cu 2 Te contact layer. The simulated concentration of Cu Cd matches with the experimental data near the back contact. The higher than solubility experimental concentration for x>0.2um is caused by copper's fast diffusion through grain boundaries [13] , which cannot be properly simulated in a onedimensional solver. Fig. 5 indicated the band diagram and defect profiles in one particular moment in the back contact processing. The ionized Cd i donors made the CdTe junction region n-type while Cu Cd acceptors dominated the back contact region.
Similar simulation are performed for the doping profiles in a standard CdTe/CdS solar cell (as Tables 1 indicated) without massive surface vacancies at the back contact. Fig. 6 illustrates the gradual diffusion of Cu i donors into the bulk, followed by the formation of Cu Cd acceptors, and corresponding band diagrams in a 220 o C stress test. At the beginning, back contact region is n-type doped with the introduction of Cu i donors. Part of the Cu i transformed into Cu Cd and others continued diffusing into the bulk, made the entire CdTe layer n-type, with zero response for the solar spectrum for the beginning 160 seconds. The back contact region became p-type due to the formation of Cu Cd acceptors roughly in 170 seconds, while the junction area remained ntype, achieving non-zero spectral response. Continuing the copper process resulted in increasing quantum efficiency for the entire solar spectrum as acceptors dominated the CdTe layer, which may not be caused by the formation of Cu Cd but by the back flow of Cu i donors and Cd i donors under the influence of the built-in potential in the device introduced by p-type back contact. These continued movements of the defects could be responsible for the dark/light crossover commonly observed from CdTe solar cells. 
IV. CONCLUSION
The diffusion-reaction model has been applied to Cu in CdTe PV devices using available diffusivity and solubility data. The simulations agree quantitatively with the observations of Cu accumulation near the back contact and qualitatively with the trend for the change in device performance with respect to copper's inclusion.
As another commonly introduced extrinsic defects in CdTe solar cells, Cl and its related defects, Cl i , Cl Te and potentially Cl A-Center [14] , should also be included in the reactiondiffusion simulations for better understanding of defects' evolution in CdTe solar cells.
The prototype simulator is general and can be used to suggest Cu process improvement and to study long term device performance change and metastabilities related to defects in the time range of weeks and months as well.
